We developed a single-shot X-ray spectrometer for wide-range high-resolution measurements of Self-Amplified Spontaneous Emission (SASE) X-ray Free Electron Laser (XFEL) pulses. The spectrometer consists of a multi-layer elliptical mirror for producing a large divergence of 22 mrad around 9070 eV and a silicon (553) analyzer crystal. We achieved a wide energy range of 55 eV with a fine spectral resolution of 80 meV, which enabled the observation of a whole SASE-XFEL spectrum with fully-resolved spike structures. We found that a SASE-XFEL pulse has around 60 longitudinal modes with a pulse duration of 7.7 ± 1.1 fs.
Introduction
Recently, X-ray Free Electron Lasers (XFELs), such as the Linac Coherent Light Source (LCLS) [1] and the SPring-8 Angstrom Compact Free Electron Laser (SACLA) [2] , have successfully generated brilliant, femtosecond X-ray pulses, achieving an ultrahigh resolving power in both space and time that opens up new frontiers in various scientific fields [3] [4] [5] . Currently, the Self-Amplified Spontaneous Emission (SASE) scheme [6, 7] is widely utilized for generating XFEL pulses. SASE-XFEL pulses have many narrow spike structures originating from the stochastic nature of the electron beam used as light source. The spike structures reflect important characteristics of the XFEL beam: the width and the number of spikes in the whole spectrum closely relate with the XFEL pulse duration and the longitudinal mode number, respectively. To measure spike structures, single-shot measurements with a dispersive X-ray spectrometer are required, because spike structures change shot by shot [8] [9] [10] [11] . However, it was difficult to fully resolve the spike structure with a typical width of ~100 meV over the entire pulse spectrum covering a few tens of eV. In this paper, we report on the development of a single-shot spectrometer covering the whole XFEL spectrum with fully-resolved spike structures.
So far, two methods have been developed for designing single-shot spectrometers of wellcollimated XFEL beams. One uses a thin, bent analyzer crystal [9, 11] . The total spectral range can be simply tuned by controlling the bending radius, while possible lattice distortions induced by the bending can degrade the energy resolution. The other one combines a flat analyzer crystal and an elliptical total-reflection mirror to increase the angular divergence of X-rays. In this case, one can achieve high resolution of 14 meV at around 10 keV photon energy by using a higher-order diffraction for the analyzer, although a spectral range is limited to 4 eV due to the small angular divergence of 2.7 mrad [10] . In this study, we utilized a multi-layer mirror to achieve a large divergence of 22 mrad to measure a wide spectral range of 55 eV, while keeping the resolution sufficient to resolve the spike structures of a few hundred meV.
Design of Spectrometer
The basic design of the dispersive X-ray spectrometer in this study consists of an elliptical mirror, a flat analyzer crystal, and a position sensitive detector [8] . First, the spectral resolution dE/E is described by
where E and θB are the photon energy and the Bragg angle, respectively. Ψ is determined by parameters of the X-ray source and optics Ψ1 and the angular resolution of the detector Ψ2, as given by
and
Here, σ, ω, L, and p are the X-ray source size, the Darwin width of the Bragg reflection, the distance from the X-ray source to the detector, and the pixel size of the detector, respectively.
Second, the spectral range ΔΕ is described by
Here, Δθ is the angular divergence of the X-ray beam on the analyzer crystal. Equation (5) shows that a larger divergence is required for expanding the covered spectral range. Although an elliptical mirror with total reflection was utilized in our previous experiment [10] , the mirror cannot provide a sufficient divergence angle for measuring the entire spectrum in one shot due to its small reflection angle of a few mrad.
To overcome the limitation, we used platinum/carbon multi-layer mirrors [12] , which were installed as the last optics of the two-stage focusing system at SACLA [13] , to produce a large divergence Δθ of 22 mrad with a central photon energy of 9070 eV and a central incident angle of 14 mrad. We note that the reflectivity of the single mirror with 30 layers is ~70% at a photon energy range between 8900 and 9300 eV. To obtain a high spectral resolution in the dispersive spectrometer, a large Bragg angle is required from Equation (1) . For the distance L of 1.5 m and a pixel size p of 50 μm for a Multi-Port Charge Coupled Device (MPCCD) detector [14] in the present geometry, we derive both the spectral range of 55 eV and the resolution of 80 meV at around 9070 eV, simultaneously, with a Bragg angle of 75.2° using a silicon (553) analyzer crystal.
Experiment and Discussion
Our experiment was conducted at BL3 of SACLA [15] . A schematic of the experimental setup is shown in Figure 1 . XFEL pulses with a central photon energy of 9070 eV were focused with the twostage focusing system using platinum/carbon multi-layer mirrors. The silicon (553) analyzer crystal was set at 1.2 m from the focal point, and an MPCCD detector was placed on a 0.3-m-long detector arm. Thus, the total length from the focal point to the detector L was 1.5 m, as used in the estimation in Section 2. Figure 2a shows a typical single-shot spectrum of an XFEL pulse, demonstrating that the spectrometer is capable of covering the complete pulse spectrum. In Figure 2b , we show the enlarged spectrum around the peak maximum of Figure 2a . The typical width of observed spikes is 390 ± 30 meV in full width at half maximum (FWHM), which is sufficiently larger with respect to the resolution of the spectrometer of 80 meV. Based on this result, we estimated the XFEL pulse duration with a method described in [10] . Here, an energy chirp of the electron beam of 6 × 10 −5 fs −1 was used as the simulation parameter. By comparing the measurement with a simulation, the pulse duration was estimated to be 7.7 ± 1.1 fs in FWHM. From the evaluation of Figure 2a , the longitudinal mode number was around 60. 
Summary
We demonstrated the measurement of the single-shot entire XFEL spectrum with fully resolved spike structures. In addition to the duration of the XFEL pulse, we obtained the longitudinal mode number. The results could provide new information to a theoretical study of XFEL physics. Moreover, the method is applicable to studies of X-ray nonlinear optics [5, [16] [17] [18] because the mirrors in our spectrometer are a part of an XFEL two-stage focusing system. In particular, the quality of spectrum measurements for an absorption spectroscopy [18] and stimulated emissions [5] will be improved with a higher resolution over a wider energy range.
